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151 bound peroxins (e.g., PEX3, PEX10, PEX15, PEX16) and in 152 doing so provided evidence for the possible involvement of the 153 ER in peroxisome biogenesis in these organisms (reviewed in 154 [39] [40] [41] [42] [43] [44] [45] ). In plants however, the majority of research centered 155 on a peroxisomal membrane-bound enzyme, namely APX. 156 Among the eight peroxisomal APXs identified in different plant 157 species [46] , cottonseed (Gossypium hirsutum) and pumpkin 158 (Cucumis pepo) APX were examined most extensibly in 159 biogenesis studies [38, [47] [48] [49] [50] [51] .
160
Peroxisomal APX is a carboxy tail-anchored (N cytosol -161 C matrix ) integral membrane protein [52] that plays a key role in 162 protecting plant cells by scavenging toxic reactive oxygen 163 species [52] [53] [54] . For example, within peroxisome membranes, 164 APX, in concert with other membrane and matrix proteins, 165 participates in the reduction of hydrogen peroxide to water and 166 the cycling of electrons through molecular ascorbate [55, 56] . 167 During the regeneration of ascorbate, including the shuttling of 168 ascorbate and monodehydroascorbate across the peroxisomal 169 boundary membrane, NADH is oxidized to NAD + , which is 170 essential for continued operation of various metabolic pathways 171 housed within specialized peroxisomes (e.g., glyoxysomes) 172 [35, 53, 54, 56] . Given the key role of APX in scavenging toxic 173 reactive oxygen species at the peroxisomal boundary mem-174 brane, the enzyme has been implicated also as an important 175 component of the signalling cascade that is initiated in response 176 to external oxidative stresses (cues) [57] [58] [59] .
177
Until the about the mid 1990s, peroxisome biogenesis was 178 described in terms of two simple and mutually exclusive 179 models: the "classical" model later termed the "ER vesicula-180 tion" model in plants (Fig. 1A) [60] and the "autonomous 181 peroxisome growth and division" model ( Fig. 1B) [61]. The 182 key difference between these models is the means of 183 peroxisomal acquisition of proteins and membrane lipids. In 184 the former model (Fig. 1A ), all peroxisomal proteins (similar to 185 secretory proteins) are co-translationally sequestrated within 186 the ER in a signal-recognition particle (SRP)-dependent 187 manner followed by vesiculation and budding of new 188 peroxisomes from a smooth segment of the ER. In the other 189 model (Fig. 1B) , all proteins are acquired post-translationally 190 from the cytosol into pre-existing peroxisomes, which subse-191 quently grow and eventually divide (by fission) into daughter 192 peroxisomes. Both models prevailed for many years even 193 though each had major flaws such as ubiquitous co-transla-194 tional protein import (Fig. 1A) or an unidentified source of 195 membrane phospholipids for peroxisome growth and division 196 (Fig. 1B) [12, 62, 63] .
197
In concerted efforts to test which of these models might 198 describe the biogenesis of plant peroxisomes, in vitro and in 199 vivo trafficking studies were conducted with peroxisomal 200 cottonseed APX [47] . Mullen and co-workers demonstrated 201 that in vitro radiolabeled APX inserted post-translationally 202 into highly purified maize ER microsomal membranes in a 203 SRP-independent manner. The specific insertion of APX into 204 ER membranes was significantly enhanced with addition of 205 ATP and three plant molecular chaperones, namely Hsp70, 206 AtJ2 (DnaJ homolog), and AtE1 (GrpE homolog 
262
In summary, the first working model presented for the biogenesis of plant peroxisomes (Fig. 1C) , which was based 264 primarily on the intracellular trafficking of APX, portrayed the proteins are synthesized on bound polyribosomes and co-translationally inserted into either the membrane or lumen of a specialized region of the rough ER (RER). Thereafter, both sets of nascent proteins move (somehow) into an expanding smooth membrane vesicle that, under some unknown influence, pinches off from the ER to produce a nascent functional, mature peroxisome. Adapted from Beevers [60] . (B) The autonomous peroxisome growth and division model. Peroxisomal membrane (solid triangle) and matrix (solid polygons) proteins are synthesized on free polyribosomes in the cytosol and sort (post-translationally) directly to pre-existing peroxisomes and the new (daughter) peroxisomes. Therefore, the pre-existing peroxisomes are envisaged to grow and undergo fission (division) to form new peroxisomes, which also grow via protein acquisitions. Alternatively in the case of interconnected peroxisomes, formation of new (daughter) peroxisomes bud from the contorted peroxisomal compartment called the "peroxisomal reticulum" (not shown). Adapted from Lazarow and Fujiki [61] . (C) The ER semi-autonomous peroxisome model. Peroxisomal membrane and matrix proteins are synthesized on free polyribosomes in the cytosol and interact with molecular chaperones prior to their post-translational sorting. Nascent PMPs (such as APX) sort from the cytosol either directly to the reticular/circular pER subdomain or first to the "general" reticuloplasmin-containing ER (subdomain?) and then to the pER. In the latter case, the mechanism responsible for sequestering PMPs into pER is considered equivalent to that described in the "privileged site budding" model for cargo protein sorting from the ER lumen or membrane into specific subdomains or "privileged sites" where COPII vesicles are formed [112] . Transport of PMPs from the pER seems to involve vesicles that are subsequently sorted to pre-existing peroxisomes.
Matrix proteins also could sort indirectly (possibly to vesicles), or in some instances directly (dashed line), to pre-existing peroxisomes. Reproduced from Mullen et al.
[47] with permission of the American Society of Plant Biologists. Interestingly, definitive resolution of pER morphology was 426 made almost serendipitously from unexpected results with 427 overexpressed, site-directed mutants of GFP-APX fusion 428 proteins [50] . The key surprising results were that over-429 expression of GFP-APX led to formations of homotypic and 430 heterotypic aggregates comprised of peroxisomes, plastids, 431 and/or mitochondria. Fig. 2D is a representative electron 432 micrograph that shows these novel and rather bizarre organelle 433 aggregates. Of particular importance was the discovery that 434 the plastid and mitochondrial aggregates actually constituted 435 the circular portion of the putative reticular/circular pER 436 subdomain ( Fig. 2A and B) . That is, these organelles were 437 "zippered" together via oligomerization of tethered membrane-438 bound GFP-APX monomers. Fig. 2E shows that Unlike APX, endogenous Arabidopsis PEX16 was not 475 observed in select areas of the ER; it was localized throughout 476 the "general" ER in suspension cells [66] . In concert with these 477 observations, overexpressed myc epitope-and GFP-tagged 478 versions of Arabidopsis PEX16 also accumulated throughout 479 the ER and not within any apparent ER subdomains [75] . 480 Interestingly, overexpressed human PEX16-GFP also was 481 observed throughout the "general" ER in cultured COS-7 cells 
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537 retrieval of escaped ER membranes proteins from the Golgi 538 [85] [86] [87] .
539
Based on these and other observations, it was suggested [80] 540 that, in TBSV-infected cells, p33 not only functions as an 541 essential component of the viral replication complex and a 542 determinant of inward budding and vesiculation during pMVB 543 biogenesis, but also in the formation of peroxisome-derived 544 vesicles that sort to the pER. Further, these p33-containing 545 vesicles were proposed to deliver to the pER "early" peroxins 546 that function at steady-state in the ER in the early stages of 547 peroxisome membrane assembly (e.g., PEX10 and PEX16) 548 [65, 66, 75] . These peroxins would then serve to stimulate the 549 formation of additional pER-derived membrane carriers 550 required for the increase in surface area during pMVB 551 biogenesis. Interestingly, it has been proposed more recently 552 [15] that p33 also participates in the inward vesiculation events 553 at the peroxisomal membrane by exploiting constituents of 554 ESCRT (endosomal sorting complex required for transport) in a 555 way that is similar to the ability of enveloped RNA viruses, such 556 as HIV and Ebola, to appropriate the ESCRT machinery to 557 execute their programmed budding from the plasma membrane 558 of infected mammalian cells [88] . Whether this is indeed the 559 case and whether the proposed p33-mediated peroxisome-to-560 pER sorting pathway can only be induced in TBSV-infected 561 cells, or can also function in uninfected plant cells, remains to 562 be tested experimentally. compartments. Not specifically shown in the model (Fig. 3) PMPs from peroxisomes to pER [80] . The membrane carriers 682 responsible for this peroxisome-to-pER sorting were envisioned 683 to be peroxisome-derived vesicles; however, the model more Finally, the "ER semi-autonomous peroxisome maturation 696 and replication" model ( Fig. 3) addresses another important 697 aspect of plant peroxisome biogenesis that is not represented in 698 its predecessor (Fig. 1C) , namely peroxisome multiplication.
699
The simple reason for this is because the control of peroxisome 
